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The goal of this research is to improve our understanding of the structural 
configuration of convergent margins in response to glacial erosion, synorogenic 
sedimentation, and subduction of thick crust.  Currently, most mechanical development 
models of convergent margins are disconnected from the role of these processes and 
their potential coupled tectonic response.  To evaluate the role of these processes, we 
utilized analog sandbox modeling to generate physical insights into the structural 
growth of wedge shaped thrust belts.  We then compared our modeling results to 
recent, field-based geological and geophysical studies of the St. Elias orogen, located 
along the convergent margin of southern Alaska.  This margin is characterized by large 
erosive glacial systems, some of the highest recorded depositional rates on earth, flat-
slab subduction of ~17 km thick section of an oceanic plateau, and is one of the most 
tectonically active plate boundaries on earth. 
The sandbox models in our study simulate the growth and development of an 




deformational mechanisms.  We used a digital image correlation technique to post-
process sequenced photographed images that allow us to calculate velocity vector fields 
to understand deformational stages and structural configurations of these sandbox 
analog models.  Three models were designed to test the thrust belt response to glacial 
erosion, synorogenic sedimentation, and subduction of a thick crust.  All three models 
are then compared against an initial baseline model to understand how model 
parameters such as erosion, sedimentation, and subduction processes independently 
influence the structural configuration of the orogenic wedge. 
Major findings from the erosion model are that the wedge responds to erosion 
in a longitudinal valley by activation of several coeval fore- and back- thrust faults.  
These coeval structures serve to accommodate shortening and vertical uplift of deeper 
parts of the wedge in response to progressive erosion.  The backthrust faults are located 
directly beneath the glacial valley or farther back in the wedge.  Potential implications 
for the St. Elias Range are the erosional model is consistent with: a major unexpected 
structure, the Bagley fault, which is located beneath the Bagley Ice Valley (Bruhn et al., 
2012), an important backthrust fault in the development of the thrust belt (Berger et al., 
2008), and the exhumation of deeper crustal rocks beneath glacial valley (Enkelmann et 
al., 2015). 
The sedimentation model key findings are that the introduction of a thick section 
of synorogenic strata to the front of the wedge resulted in a geometry change of wider 
imbricated thrust sheets and broader open hanging wall folds.  These changes in thrust 




interpreted or seen onshore and offshore in the St. Elias orogenic belt (Worthington et 
al., 2010; Pavlis et al., 2012). 
Subduction of a thick crust model major findings are the basal décollement fault 
of the wedge stepped up to a higher stratigraphic level and that the wedge structural 
configuration adjusted by displacement on coeval out-of-sequence forethrust and 
backthrust faults, allowing uplift of the entire wedge.  Potential implications for the St. 
Elias orogen with progressive subduction of thick crust are that the model results are 
consistent with the relocation of the décollement to higher stratigraphic positions 
(Pavlis et al., 2012; Van Avendonk et al., 2013), activation of out-of-sequence faults are 
common (Meigs et al., 2008; Pavlis et al., 2012), and exhumation of deeper crustal rocks 
within the interior of the wedge (Enkelmann et al., 2015).  In summary, our findings 
indicate that glacial erosion, syntectonic sedimentation, and subduction of thick crust 










CHAPTER 1. INTRODUCTION 
1.1 Chapter Summary 
 This thesis is subdivided into three chapters.  Chapter 1 provides an outline of 
each sub-sequence chapter and introduces research questions addressed in this study 
and its key findings.  Chapter 2 presents an expanded method section; the focus of this 
chapter is to provide detailed method procedures and techniques for conducting, 
processing and analyzing four sandbox analog models.  Chapter 3 is a manuscript 
presenting new sandbox analog model results that provide physical insights into the 
mechanical development of thrust belt systems.  The goal of this research is to improve 
our understanding of the structural configuration of convergent margins in response to 
glacial erosion, synorogenic sedimentation, and subduction of thick crust.  We 
compared our analog model results to field-based geological and geophysical studies of 
the St. Elias Range, in southcentral Alaska and expand insight of possible feedback 
mechanisms in thrust belt development in response to large glacial erosional systems, 






1.1.1 Research Focus 
In this study, we present four new analog sandbox models to provide insights 
into the mechanical development of a thrust belt.  The set of experiments include 
simplified experimental geometries in which we isolated and tested individual 
parameters, such as the role of longitudinal glacial erosion, increased sedimentary 
thickness, and the subduction of a thick crust in a deforming wedge.  Our goal was to 
focus on three unanswered questions about thrust belt systems:  (1) what role might 
longitudinal glacial erosion has on thrust belt dynamics and what structures respond to 
this type of erosion?  (2) What role might extensive synorogenic sedimentation have on 
wedge deformation?  (3) What is the mechanical response of the thrust belt to 
subduction of thick crust? 
Each model was analyzed using a digital image correlation technique to highlight the 
deformation occurring in response to the parameter being tested.  After analyzing our 
model results, we then compare our results with previously publish geologic and 
geophysical studies.  The principal findings from the erosion model are that with 
progressive erosion of the wedge, the wedge responds by activation of several sets of 
coeval fore- and back- thrust faults and the backthrust structures are commonly located 
directly beneath the glacial valley or farther back in the wedge.  Major first – order 
results in the wedge response to progressive erosion are that coeval large-scale 
conjugate “pop-up” structures may serve to accommodate interior wedge vertical uplift.  





overall wedge evolution, it was consistent with wedge development of key fault 
structures seen in the baseline model.  Insights from the sedimentation model are that 
the introduction of thick synorogenic strata to the front of the wedge results in wider 
thrust sheets and broader open folds increasing overall wedge height and width 
geometries in comparison to the baseline model. 
Major findings for the structural development of the wedge in the thick plate 
model begin when the thicker crust is subducted.  A notable structural change is the 
basal décollement stepped up to a higher stratigraphic level and the wedge must adjust 
internally by activation of coeval out-of-sequence thrust and backthrust faults, which 






CHAPTER 2.  METHODS 
2.1 Introduction 
We conducted a set of analog experiments using a sandbox apparatus designed 
to replicate a simplified convergent margin above a subduction zone (Figure 2.1).  The 
models produced in these experiments primarily focused on the development of a thin-
skinned imbricated thrust system within an accretionary prism that is primarily 
controlled by frictional deformation mechanisms (Davis, 1978; Byerlee, 1978, Davis et al., 
1983; Dahlen, 1990, Lohrmann et al., 2003).  The set of experiments included simplified 
experimental geometries in which we attempted to isolate and test individual 
parameters, such as the role of longitudinal glacial erosion, increased sedimentary 
thickness, and the subduction of a thickened crust below the deforming wedge.  Each 
model was analyzed using a digital image correlation technique used to highlight the 







Figure 2.1  Sandbox apparatus photo and schematics. 
A) Sandbox in cross-sectional view; box dimensions of 20 (H) x 30 (W) x 200 (L) cm.  Box 
apparatus mimics a subduction zone by a motor pulling a thin polyester sheet (red 
arrows) beneath a vertical backstop wall with a zero degree basal dip.  Polyester sheet is 
spooled by a roller shown behind the vertical backstop wall (clockwise red arrow).  B) 
Side-view schematic of the initial sandbox set-up of the undeformed model. C) Side-







2.2 Basic Model Set-Up 
Individual experimental set-ups will be discussed in detail in a later subsection; 
however there are basic modeling set-up procedures that are similar across all models.  
Ultimately, all models will be compared to our baseline model, which is defined in this 
study as our standard model.  This baseline model is an unaltered model that allows us 
to know how each subsequent model is being influenced by the parameter being tested.  
Every experiment was conducted in a sandbox with dimensions of: 30 cm wide, 20 cm 
tall, and 200 cm long (Figure 2.1).  The base of sandbox was lined with polyester film 
that is pulled at a constant rate below a vertical backstop, which is controlled by a step 
motor and photographed at precise even increments.  The vertical backstop wall initially 
acts as the model backstop (Byrne et al., 1993).  The backstop wall is carefully placed in 
the sandbox to allow the thin polyester sheet of paper to be pulled beneath it without 
allowing sand to leave the box.  Plate convergence was achieved by securing the 
polyester sheet to the paper spool and pulling the sheet beneath the sandbox vertical 
backstop wall.  These sandbox experiments were conducted without a basal 
décollement dip to reflect the small angle of the subduction geometry.  All experiments 
were photographed through the clear glass sidewall, allowing for observation of the 
developing experimental wedge.  Prior to running each experiment, the glass sidewalls 
were treated with a non-reactive lubricant (e.g., Rain X) to minimize frictional drag 





In each experiment, the deformable rocks were simulated using frictional, well-
sorted, sub-rounded, cohensionless quartz sand to mimic brittle homogeneous crust.  In 
each model sand with the same physical properties was used and was deposited on the 
polyester film by sifting in the same fashion to control the strength of the sand pack 
(Lohrmann et al., 2003).  The sand had a peak internal friction coefficient (µpi) of 0.68 
(internal friction angle of 34.2) and a stable internal coefficient of 0.58 (internal friction 
angle of 30.0) (Haq, 2012).  The internal friction angle of the sand controls how faults 
will initiate throughout the experiment.  Both peak and stable strength of the sand are 
important in long – term development of individual faults within the wedge (Lohrmann 
et al., 2003; Haq, 2012).  We sifted sand into the sandbox in order to produce a uniform 
internal strength value which is generally more reliable than poured sand (Lohrmann et 
al., 2003).  The sand was sifted onto a thin polyester sheet that had a frictional 
coefficient (µb) of 0.44 that represented the top of the regional décollement, defined as 
a fault boundary between a deformed hanging wall and an undeformed footwall.  In 
order to qualitatively observe deformation that has occurred in the sandbox, colored 







Figure 2.2  Sandbox model photo of initial set-up. 
Side-view of baseline sandbox model with sifted sand and colored sand markers.  Total 
sand thickness is 20 mm with first row of red and yellow triangles at 5.0 mm, a blue sand 
line at 10 mm, red triangles at 15 mm and a blue sand line at 18 mm (distance from base 
of the box). The sand was smoothed throughout the entire experiment to have exactly 








Colored markers were placed vertically at ~ 5, 10, 15 and 18 mm distances from the 
base of the sandbox.  The sand pack was constructed to be 20 mm thick throughout the 
entire box.  The experiment was run at a constant convergence rate using a motor to 
spool up the polyester sheet from the left edge of the sandbox.  The convergence rate 
of the sandbox is controlled by a computer and is synchronized to a digital camera to 
capture images at intervals of 0.5 mm of convergence.  Each experiment was ran to 
approximately 1315 mm of total convergence with the exception of the thick crust 
experiment, where the geometry of the model limited the total convergence. 
 
 
2.3 Calculating Cross–Sectional Deformation 
Digital photographs are used to capture the wedge deformation of the 
experimental sandbox through the clear glass sidewall.  Photographs were taken using 
an 18 megapixel Canon EOS Rebel T3i digital camera with EF 22 mm wide angle lens.  
The camera was placed at 720 mm from the glass sidewall perpendicular to the box.   
The box was illuminated to eliminate glare and maximize contract of the raw image.  
Raw format images were corrected using Adobe Photoshop for lens distortion, white 
balanced and small image rotations due to camera misalignment, images were cropped 
to exclude extraneous parts of the image and converted to jpeg format.  Images were 
analyzed using a digital image correlation technique (i.e., particle image velocimetry 






velocity vector fields between sequenced images.  We used PIVlab (Thielicke and 
Stamhuis, 2014) which runs in MatLAB and Generic Mapping Tool (GMT) (Wessel and 
Smith, 1995) to obtain and process the displacement fields.  PIVlab uses MatLAB 
functions to cross correlate images either using direct cross-correlation or Fast-Fourier 
transforms.  This cross correlation was done by identify particle positions in relatively 
small pixel regions in the sand and tracking the motion of those particles in sequential 
images.  The images were analyzed at roughly every 1.0 mm of convergence, however, 
to ensure we are able to compare displacement results between images the velocity 
data is normalized by the displacement in the given interval.  The processing of the 
displacement data was accomplished using a combination of GMT functions and unix 
code (Haq, 2004; Haq and Davis, 2008, 2009; Haq, 2012).  Automation within this code 
made it possible to process thousands of images for very small intervals of motion.  
Normalized velocity results were calculated by dividing the frame’s velocity results by an 
average velocity rate from the undeformed section of the model.  The normalized 
velocity data allows us to compare images throughout the experiment and compare 
models against the baseline model results.  These displacement gradients allow us to 
easily identify zones of deformation; the results are plotted in total, horizontal and 
vertical velocity components.  Vorticity is also included in our results, vorticity measures 
sand particles rotation during deformation and calculated using the off-diagonal velocity 
(normalized displacement) gradients (Means, 1976).  The analysis of images at high 
spatial and temporal increment allows us to understand how fault displacement and 






conditions.  Analysis of the entire set of experimental images allows us to see the 
development of structural deformation patterns, and fault activity of the various 
experiments compared to the baseline model.  
 
 
2.4 Experimental Procedures 
Four sandbox models that represent possible endmember cases were performed using 
simplified setup configuration for the following models: baseline/reference model, 
longitudinal glacial erosion, incorporation of thick sediment at the deformation front 
and an incoming thick crust model.  Sand was placed on a thin polyester sheet (ub = 
0.44), which is pulled beneath a vertical backstop wall at a constant rate.  However, in 
each of the models except the baseline model, the models were designed to test 
individual parameter and identify their role in wedge deformation.  Each experimental 
run started with the same initial boundary conditions and with the same length of total 
convergence.  In each case this lead to a tapered wedge with four distinct low angle 









Figure 2.3  Photo of experimental model. 
Side-view photo of sedimentation model, illustrates a tapered wedge with four thrust 
faults.  An initial wedge was formed and from this point we tested the following 










2.4.1 Baseline Model 
The baseline model, is our standard or reference model and is used as a 
comparison for the other experiments discussed in this study.  This model had a set-up 
configuration that would present a “normal” progression of deformation in a thrust belt 
system in our simplified model space.  The overall model set-up consisted of 20 mm of 
sifted quartz sand placed over a thin polyester sheet over the entire length (~2000 mm) 
of the sandbox (Figure 2.2).  As the baseline model was run, images were acquired at 
every 0.5 mm of convergence, however, the analysis presented here was done at every 
1.0 mm interval of convergence. 
 
 
2.4.2 Longitudinal Glacial Erosion Model 
The glacial erosion model simulated the removal of mass by glacial erosion in a 
valley parallel to the thrust belt and perpendicular to the tectonic transport direction.  
Specifically, it tested the impact of periodic loss of rock mass in the developing orogenic 
wedge during active accretion.  This model had the same basic set-up configuration as 
the baseline model.  Initially this model was run until the wedge achieved a stable taper 









Figure 2.4  Photo of glacial erosion model set-up. 
Side-view of longitudinal glacial erosion model.  A template of wedge was created at 
approximately 452 mm of convergence, the eroded valley location was determined by 
taking the tapered wedge length and placing the eroded valley in the second quarter 
section of the wedge.  The developing eroded valley location was kept consistent at this 










Figure 2.4 is the exact location a template of the wedge was created (approximately 452 
mm of convergence); this template was done to assist with keeping the eroded valley at 
a static height throughout the experiment.  We used the premise that glacial erosion 
would develop in the high topography of a growing wedge and that while erosion 
occurred we assumed glaciation would maintain a relatively constant base elevation.  
This constant elevation would be maintained by episodic erosion of the valley’s base.  As 
the wedge developed, when the base of valley increased above our template height we 
eroded the valley using the template.  During an “erosional” event, we stopped the 
motor to stop convergence and motion of the thin polyester sheet.  Without disturbing 
the internal structure of the wedge, sand was carefully removed.  The goal was to keep 
the valley depth at the same elevation while the wedge evolved spatially and temporally 







2.4.3 Synorogenic Sedimentation Model 
The sedimentation model setup incorporated 3 mm of addition sediment at the 
deformation front for the experimental wedge.  The increased thickness of sediment 
represented the increased deposition of material that was being removed and 
redeposited in the foreland of the wedge.  This experiment evaluated the role of frontal 
accretion of a thick sedimentary unit into the orogenic belt.  Initially the sandbox setup 
was similar to the baseline model with the exception of the 3 mm of additional quartz 
sand placed on top of the normal 20 mm of sand thickness in the foreland basin, ahead 
of the deforming wedge.  Originally a thickness of 20 mm of sifted sand was placed in 
the entire length (~2000 mm) of the box, at 600 to 700 mm distance from the backstop 
the sediment was tapered from 20 mm to 23 mm (Figure 2.5).  After 700 mm distance 
from the box’s backstop the sediment thickness was uniformly 23 mm.  The experiment 








Figure 2.5  Photo of sedimentation model set-up. 
Side-view of the synorogenic sedimentation model.  Additional 3 mm of quartz sand was 
added on top of the normal 20 mm sand thickness across a tapered zone (labeled in red), 
this zone illustrates the sediment tapered from 20 millimeters to 23 millimeters.  After 




Additional 3 mm 







2.4.4 Subduction of Thick Plate Model 
This experiment was used to stimulate the influence of incoming thick crust and 
the crust colliding with an existing orogenic wedge.  The thick crust or plate is 
represented by rectangular shaped 6 mm thick plexiglass plate.  The experiment set-up 
procedure started off with fully securing and gluing the plexiglass plate to the thin 
polyester sheet at approximately 630 mm from the vertical backstop wall in the sandbox.  
Once the plate was secured to the subducting sheet, the methods of placing 20 mm of 
sifted sand and colored sand marker beds completed model set-up (Figure 2.6A).  The 
horizontal placement of the plexiglass plate was critical to allow the wedge to develop 
prior to pulling the plexiglass plate beneath the wedge (Figure 2.6B).  Due to backstop 
wall purpose and position and the plexiglass plate thickness cannot be pulled beneath 
the metal backstop and the experiment had to be stopped when the plate reached the 
wall.  The model experiment was stopped at 582 mm of total convergence due to thick 










Figure 2.6  Photos of thick crust model set-up. 
Side-view of thick crust model.  A) Secured plexiglass plate to the thin polyester sheet at 
approximately 630 mm from the vertical backstop wall.  Once the plate was secured we 
placed the normal uniform 20 mm of sifted sand and colored sand marker beds 
throughout the experiment.  B) The plexiglass plate location was critical to allow the 













CHAPTER 3.  EVALUATING THRUST BELT RESPONSE TO GLACIAL EROSION, 
SYNOROGENIC SEDIMENTATION, AND SUBDUCTION OF THICK CRUST: ANALOG 
MODELING INSIGHTS INTO THE ST. ELIAS RANGE, ALASKA AND OTHER GLACIATED 
OROGENS  
3.1 Abstract 
The goal of this research is to improve our understanding of the structural 
configuration of convergent margins in response to glacial erosion, synorogenic 
sedimentation, and subduction of thick crust.  To evaluate the role of these processes, 
we utilized analog sandbox modeling to generate insights into the structural growth of 
wedge shaped orogenic belts.  We then compared our modeling results to geological 
and geophysical studies of St. Elias Range, located along the convergent margin of 
southern Alaska.  This margin is characterized by large erosive glacial systems, some of 
the highest recorded depositional rates, and is a tectonically active convergent 
boundary where a ~17 km thick plate is subducting.   
The sandbox analog models in our study simulate the development of an 
accreting orogenic wedge whose deformation is governed by frictional, brittle 
deformational mechanisms.  We used a digital image correlation technique to post-
process sequenced images to calculate velocity vector fields to understand 







 were designed to test the wedge response to glacial erosion, synorogenic 
sedimentation, and subduction of thick crust and then those models were compared to 
a baseline model to understand how model parameters processes independently 
influence the structural configuration of the orogenic wedge. 
Major findings from the erosion model are that the wedge responds to localized 
longitudinal erosion by activation of coeval fore- and back- thrust faults.  These coeval 
structures accommodate shortening and uplift of deeper parts of the wedge.  The 
backthrust faults migrate between locations directly beneath the glacial valley or farther 
back in the wedge.  The sedimentation model findings are that the introduction of a 
thick section of synorogenic strata resulted in a geometry change of wider imbricated 
thrust sheets and broader open hanging wall folds.  Subduction of a thick crust model 
findings are the basal décollement stepped up to a higher stratigraphic level and the 
wedge structurally adjusted by displacement on coeval out-of-sequence forethrust and 
backthrust faults, allowing uplift of the entire wedge.  Our findings indicate that glacial 
processes and subduction of thick crust may have significant impact on the structural 








The coastal mountains of southern Alaska, known as the St. Elias Range are 
characterized by steep and high topography, active tectonics and are cloaked and 
dissected by the large non-polar Bagley Icefield.  Several studies have suggested that the 
St. Elias orogen, may be the best place on Earth to evaluate thrust belt response to mass 
redistribution related to glacial erosion and deposition, climate change, and flat-slab 
subduction of the Yakutat plate (Meigs et al., 2008; Berger et al., 2008, Pavlis et al., 
2012).  Due to the St. Elias Range remoteness, steep topography, and the extensive ice 
coverage, this mountain belt does not lend itself to typical structural and geomorphic 
field-based analyses useful in other active thrust belts.  Relatively little is understood 
about the internal structural configuration of the range and how the range is responding 
to glacial erosion, synorogenic sedimentation, and subduction. 
In this study, we present new sandbox analog models to provide insights into the 
mechanical development of the St. Elias Range.  The sandbox modeling apparatus give 
us the ability to replicate a simplified convergent margin; our analysis is primarily 
focused on the structural development of the thrust belt on the upper plate where 
frictional deformation processes dominate (Davis, 1978; Byerlee, 1978; Davis et al., 1983; 
Dahlan, 1984, 1990; Lohrmann, 2003).  In our study, we develop and test four models 
with the goal of evaluating the following unanswered questions about the orogenic 
wedge:  (1) What role might localized longitudinal glacial erosion have on thrust belt 






longitudinal glacial model is designed to test the possible role of erosion by large 
longitudinal glacial ice systems, such as the Bagley Ice Valley (Figure 3.1A), and how it 
may influence the structural configuration of the St. Elias thrust belt.  (2) What role 
might extensive synorogenic sedimentation have on wedge deformation?  This model is 
designed to test the role of the 7 to 15 km thick package of Neogene glaciomarine strata, 
known as the Yakataga formation that is currently being incorporated into the toe of the 
thrust belt (Figure 3.1B) (Pavlis et al., 2012).  (3) What is the mechanical response of the 
thrust belt to subduction of thick crust?  This model is designed to test what subduction 
of a 17 km thick oceanic crust beneath the St. Elias Mountains might have on the thrust 
belt.  After evaluating our model results, we then compare our results with previously 











Figure 3.1  St. Elias Range map view and cross-section view. 
St. Elias Range map and cross section: (A) Inferred structural configuration of the St. 
Elias thrust belt based on geologic and geophysical studies.  The belt is characterized by 
inferred (dashed structures)structures, in the east by the Fairweather dextral strike slip 
fault, to the north by the inferred Bagley Fault characterized as a reverse fault, and to 
the south by the Pamplona fault zone, also inferred as the wedge deformation front.  
Black solid lines are previously published cross-sectional studies in which we compare 
and contrast analog models in this study.  (B) Modified Pavlis et al., 2012 cross-section 










Our study builds on extremely rich and heavily researched area, that utilizes 
analog experimental models to evaluate links between orogenic wedge mechanics, 
sedimentation and erosion (Konstantinovskaia and Malavieille, 2005; Hoth et al., 2006; 
Buiter, 2011; Graveleau et al., 2012).  Recent analog model findings suggest erosion 
modifies overall wedge geometries by reducing the width of the entire wedge, 
decreased numbers of active forethrust faults, and structural styles inferred hinterland 
erosion promotes activation of out – of – sequence or backthrust faults (McClay and 
Whitehouse, 2004; Hoth et al., 2006; Cruz et al., 2010).  Previous sedimentation models, 
suggest an overall change in wedge geometries based on syntectonic sedimentation 
rates and a decrease in the number of thrust faults propagation toward the foreland 
(Storti and McClay, 1995; McClay and Whitehouse, 2004; Bonnet et al., 2008).  Our 
models, in contrast to these studies were designed to evaluate processes common in 
glaciated mountain belts, such as the St. Elias and Alaska Ranges.  We test each process 
separately; this simplified model set-up allows us to focus on the role of a specific 
process.  Our experimental approach is to process high-resolution images at small 
intervals of convergence to obtain a more complete understanding of the thrust belt 
evolution and response to a single process.  These images are analyzed using digital 
image correlation techniques to calculate velocity vectors and displacement fields 
(Wessel and Smith, 2001; Thielicke and Stamhuis, 2014).  Overall, our results provide 
new insights into the wedge evolution processes influencing the structural configuration 
of the St. Elias thrust belt.  Our results also have implications for the role of climate and 






3.3 Geologic Setting of the St. Elias Range (Comparison Area) 
The St. Elias Range forms where the Pacific – North America plate boundary 
changes from the west – southwest – trending Aleutian subduction zone into the 
northwest – trending Fairweather – Queen Charlotte transform boundary.  This coastal 
mountain range is a product of flat-slab subduction of the Yakutat microplate beneath 
the North American plate (Eberhart – Phillips et al., 2006; Gulick et al., 2009).  The 
Yakutat microplate is interpreted to have collided with the North American margin by 
the early Oligocene to middle Miocene time, initiating the exhumation of the St. Elias 
orogenic belt along the subduction boundary (Finzel et al., 2011; Enkelmann et al., 2015).  
Two well-imaged geophysical profiles collected by the St. Elias Erosion and Tectonic 
Project (STEEP 1 & 2) estimate that the Yakutat microplate is a 17 – 30 km thick 
fragment of oceanic crust (Figure 3.1A) (Christeson et al., 2010; Worthington et al., 
2012).  Overlying the oceanic crust are over 10 km of Cenozoic sediment that were 
deposited as the microplate was transported along the Queen Charlotte transform and 
subducted beneath southern Alaska (Plafkar, 1987). 
A recent tectonic block motion model predicts a Yakutat plate velocity of 50.3 ± 
0.8 mm/yr with a plate motion towards the northwest at N22.9 ± 0.6o W relative to 
North America (Figure 3.1A) (Elliott et al., 2010).  This study also suggests that 
deformation was caused by the Yakutat microplate and that its displacement is 
distributed between the present-day deformation front by thrust faulting in the 
Pamplona zone, and along the eastern strike – slip boundary marked by the Fairweather 






Yakataga-Chaix Hills, Malaspina and Foreland thrust faults (Pavlis et al. 2012; Elliott et al., 
2013).  Geodetic studies also show that there is a narrow zone of deformation beneath 
the modern Bering Glacier in the interior of the wedge.  Several recent 
thermochronologic studies indicate rapid Neogene exhumation of the Yakutat 
microplate from Icy Bay to Yakutat Bay (Berger et al., 2008; Enkelmann et al., 2010; 
Spotila and Berger, 2012; Grabowski et al., 2013; Falkowski et al., 2014).  Much of this 
exhumation is related to displacement on a south – southeast verging thrust belt  and 
it’s active is seen both onshore and offshore (Bruhn et al., 2004; Meigs et al., 2008; 








We conducted a set of analog experiments using a sandbox designed to replicate 
a simplified convergent margin above a subduction zone (Figure 3.2).  The models 
produced in these experiments primarily focused on the development of an imbricated 
thrust system within an accretionary prism that is primarily controlled by frictional 
deformation mechanisms (Davis, 1978; Byerlee, 1978, Davis et al., 1983; Dahlen, 1990; 
Lohrmann 2003).  The set of experiments included simplified experimental geometries 








Figure 3.2  Sandbox apparatus photo and schematics. 
A) Sandbox in cross-sectional view; box dimensions of 20 (H) x 30 (W) x 200 (L) cm.  Box 
apparatus mimics a subduction zone by a motor pulling a thin polyester sheet (red 
arrows) beneath a vertical backstop wall with a zero degree basal dip.  Polyester sheet is 
spooled by a roller shown behind the vertical backstop wall (clockwise red arrow).  B) 
Side-view schematic of the initial sandbox set-up of the undeformed model. C) Side-









3.4.1 Basic Model Set – Up 
Individual sandbox model set-up procedures share basic similarities across all 
models.  Experiments were conducted in a sandbox with dimensions of: 30 cm wide, 20 
cm tall, and 200 cm long.  Model convergence was achieved by lining the base of 
sandbox with a thin polyester sheet and securing the sheet to the sandbox spool; the 
sheet is pulled beneath the sandbox vertical backstop wall at a constant rate (Figure 3.2).  
The backstop wall is carefully placed in the sandbox to allow the thin polyester sheet of 
paper to be pulled beneath it without allowing sand to leave the box.  These sandbox 
experiments were conducted without a basal décollement dip to reflect the small angle 
of the subduction geometry.  All experiments were photographed through the clear 
glass sidewall, allowing for observation of the developing experimental wedge.  Prior to 
running each experiment, the glass sidewalls were treated with a non-reactive lubricant 
(e.g., Rain X) to minimize frictional drag between the glass and sand (Haq and Davis, 
2009; Haq et al., 2012). 
In each experiment, the deformable rocks were simulated using frictional, well-
sorted, sub-rounded, cohensionless quartz sand to mimic brittle homogeneous crust 
(Byerlee, 1978).  In each model sand was deposited on the polyester film by sifting sand 
to produce a uniform internal strength of the sand pack, which controls how faults will 
initiate throughout the experiment (Lohrmann et al., 2003).  The sand had a peak 
internal friction coefficient (µpi) of 0.68 (internal friction angle of 34.2) and a stable 






sifted onto a thin polyester sheet that had a frictional coefficient (µb) of 0.44 that 
represented the top of the regional décollement, defined as a fault boundary between a 
deformed hanging wall and undeformed footwall.  In order to qualitatively observe 
deformation that has occurred in the sandbox, colored sand is used as visual markers.  
The sand pack was constructed to be 20 mm thick throughout the entire box.   
The convergence rate of the sandbox is controlled by a computer and is 
synchronized to a digital camera to capture images at intervals of 0.5 mm of 
convergence.  Each experiment was ran to approximately 1315 mm of total convergence 
with the exception of the thick crust experiment, where the geometry of the model 
limited the total convergence. 
 
 
3.4.2 Calculating Cross–Sectional Deformation 
Digital photographs are used to capture the wedge deformation of the 
experimental sandbox through the clear glass sidewall.  Photographs were taken using 
an 18 megapixel Canon EOS Rebel T3i digital camera with EF 22 mm wide angle lens.  
Raw format images were corrected using Adobe Photoshop for lens distortion, white 
balanced and small images rotations due to camera misalignment, and then images 
were cropped and converted to jpeg format.  Images were analyzed using a digital 
image correlation technique (i.e., particle image velocimetry (PIV)), a method used to 






sequence of images.  We used MatLAB, PIVlab (Thielicke and Stamhuis, 2014) and 
Generic Mapping Tool (GMT) (Wessel and Smith, 2001) to obtain and process the 
displacement fields.  PIVlab uses MatLAB functions to cross correlate images, this cross 
correlation was done by identify particle positions in relatively small pixel regions in the 
sand and tracking the motion of those particles in sequential images.  The images were 
analyzed at roughly constant 1.0 mm of convergence, however, to ensure we are able to 
compare displacement results between images the velocity data is normalized by the 
displacement in the given interval.  Normalized velocity results were calculated by 
dividing the frame’s velocity results by an average velocity rate from the undeformed 
section of the model.  The normalized velocity data allows us to compare images 
throughout the experiment and compare models against the baseline model results.  
The final processing of the displacement data was accomplished using a combination of 
GMT functions and unix code (Haq, 2004; Haq and Davis, 2009; Haq, 2012).  Automation 
within this code made it possible to process thousands of images for very small intervals 
of motion.   
These displacement results allow us to easily identify zones of deformation; the 
results are plotted in total, horizontal and vertical velocity components.  Vorticity is also 
included in our results, vorticity measures sand particles rotation during deformation 
and calculated using the off-diagonal velocity (normalized displacement) gradients 
(Means, 1976).  The analysis of images at high spatial and temporal increment allows us 






responds to the applied boundary conditions.  Analysis of the entire set of experimental 
images allows us to see the development of structural deformation patterns, and fault 
activity of the various experiments compared to the baseline model.  
 
 
3.4.3 Experimental Procedures 
Four sandbox models that represent possible endmember cases were performed using 
simplified setup configuration for the following models: baseline/reference model, 
longitudinal erosion, incorporation of thick sediment at the deformation front and a 
thick crust model.  In each of the models except the baseline model, the models were 
designed to test individual parameter and identify their role in wedge deformation.  
Each experimental run started with the same initial boundary conditions and with the 
same length of total convergence.  Changes to the model’s individual testing parameters 
all initiated after 4 distinct thrust faults were developed, allowing time for an orogenic 









3.4.3.1 Baseline Model 
The baseline model, is a standard or unaltered model, it is used as a comparison 
for the other experiments to know how each model discussed in this study influences 
wedge deformation.  This model had a set-up configuration that would present a 
“normal” progression of deformation in a thrust belt system in our simplified model 
space.  The overall model set-up consisted of 20 mm of sifted quartz sand placed over a 
thin polyester sheet over the entire length of the sandbox apparatus (Figure 3.3).  As the 
baseline model was run, images were acquired at every 0.5 mm of convergence, 









Figure 3.3  Sandbox model initial set-up. 
Side-view of baseline sandbox model with sifted sand and colored sand markers.  Total 
sand thickness is 20 mm with first row of red and yellow triangles at 5.0 mm, a blue sand 
line at 10 mm, red triangles at 15 mm and a blue sand line at 18 mm (distance from base 
of the box). The sand was smoothed throughout the entire experiment to have exactly 










3.4.3.2 Longitudinal Glacial Erosion Model 
The glacial erosion model simulated the removal of mass by glacial erosion in a 
valley parallel to the thrust belt and perpendicular to the tectonic transport direction.  
Specifically, it tested the impact of periodic loss of rock mass on the development of 
orogenic wedge during active accretion.  This model had the same basic set-up 
configuration as the baseline model.  Initially this model was run until the wedge 
achieved a stable taper comprised of 5 thrust sheets (Figure 3.4).  Figure 3.4 is the exact 
location (452 cm of total convergence) a template of the wedge was created; this 
template was done to assist with keeping the eroded valley at a static height throughout 
the experiment.  We used the premise that glacial erosion would develop in the high 
topography of a growing wedge and that while erosion occurred we estimated 
glaciation would maintain a relatively constant base elevation.  As the wedge developed, 
when the base of valley increased above our template height we eroded the valley using 
the template.  The goal was to keep the valley depth at the same elevation while the 
wedge evolved spatially and temporally around it.  The experiment was stopped at 1354 








Figure 3.4  Photo of glacial erosion model set-up. 
Side-view of longitudinal glacial erosion model.  A template of wedge was created at 
approximately 452 mm of convergence, the eroded valley location was determined by 
taking the tapered wedge length and placing the eroded valley in the second quarter 
section of the wedge.  The developing eroded valley location was kept consistent at this 










3.4.3.3 Sedimentation Model 
The sedimentation model setup incorporated 3 mm of addition sediment at the 
deformation front for the experimental wedge.  The increased thickness of sediment 
represented the increased deposition of material that was being removed and 
redeposited in the foreland of the wedge.  This experiment evaluated the role of frontal 
accretion of thick sedimentary unit into the orogenic belt.  Initially the sandbox setup 
was similar to the baseline model with the exception of the 3 mm of additional quartz 
sand on top of the normal 20 mm of sand thickness in the foreland basin, ahead of the 
deforming wedge.  Originally a thickness of 20 mm of sifted sand was placed in the 
entire length (~2000 mm) of the box, in Figure 3.5 illustrates the sediment taper from 20 
mm to 23 mm.  After the taper reached 23 mm the sediment thickness was uniformly 23 








Figure 3.5  Photo of sedimentation model. 
Side-view of synorogenic sedimentation model.  Additional 3 mm of quartz sand was 
added on top of the normal 20 mm sand thickness across a tapered zone (labeled in red), 
this zone illustrates the sediment tapered from 20 millimeters to 23 millimeters.  After 








Additional 3 mm 







3.4.3.4 Subduction of Thick Plate Model 
This experiment was used to stimulate the influence of incoming thick crust and 
the crust colliding with the existing orogenic wedge.  The thick crust or plate is 
represented by rectangular shaped plexiglass plate.  The experiment set-up procedure 
started off with fully securing the plexiglass plate to the polyester sheet.  Once the plate 
was secured to the subducting sheet, the methods of placing 20 mm of sifted sand and 
colored sand marker beds completed model set-up (Figure 3.6A).  The horizontal 
placement of the plexiglass plate was critical to allow the wedge to develop prior to 
pulling the plexiglass plate beneath the wedge (Figure 3.6B).  Due to backstop wall 
purpose and position and the plexiglass plate thickness cannot be pulled beneath the 
metal backstop and the experiment had to be stopped when the plate reached the 
backstop.  The model experiment was stopped at 582 mm of total convergence due to 









Figure 3.6  Photos of thick crust model set-up. 
Side-view of thick crust model.  A) Secured plexiglass plate to the thin polyester sheet at 
approximately 630 mm from the vertical backstop wall.  Once the plate was secured we 
placed the normal uniform 20 mm of sifted sand and colored sand marker beds 
throughout the experiment.  B) The plexiglass plate location was critical to allow the 















3.5 Model Results and Geological Comparison 
These analog models were designed to develop and expand physical insights on 
deformation processes that may be important in an active, glaciated orogenic belt based 
on our simplified model approach.  The first step in our approach was to construct a 
baseline model that is used as the reference model for comparison with other models 
where one variable was changed.  The deformational stages of these analog models are 
recorded by the acquisition of images which were analyzed using a digital image 
correlation technique (i.e., PIV), an optical method used to post-process the sequenced 
photographed images by calculating velocity vector fields (Thielicke and Stamhuis, 2014), 
and GMT functions (Wessel and Smith, 2001) to obtain and process the displacement 
fields.  Velocity data are presented as vorticity and total, horizontal and vertical velocity 
gradients (Figure 3.7).  Vorticity helps visually illustrate fault locations by identifying 
zones of differential shear displacement while, velocity gradients assist in identifying 
changes in velocity magnitudes and direction.  Vorticity results shown in warm colors 
represent clockwise (positive) displacements and cooler colors represent counter 
clockwise (negative) displacements.  Velocity gradients have a different color scale, 
cooler colors represent higher velocity gradients, whereas, the warmer colors represent 



















Figure 3.7  Baseline Model Video. 
Video a supplementary attachment.  The baseline model represents a “normal” 
progression of fold and thrust belt system.  The video points out key structural features 







3.5.1 Baseline Model Results 
The baseline model provides a standard for evaluating the other experiments 
discussed in this study.  The baseline experiment represents what we consider as a 
“normal” progression of deformation in a fold and thrust belt system for our 
experimental set – up (Figure 3.7).  Overall, in the baseline experiment the sand wedge 
develops as a system of imbricated thrust faults, with younger thrust faults propagating 
toward the foreland and generally the active thrust is at the deformational front.  The 
main structures identified in the baseline model include (Figure 3.8 A, B, C, D, E & F): 
new propagating frontal thrust faults, coeval forethrust and backthrust faults, and major 
out-of-sequence thrust faults.  We define an out-of-sequence thrust fault as a 
reactivated older thrust fault, typically located within the interior of the wedge, and 
away from the frontal thrust fault (Figure 3.8D). 
In general, wedge development in the baseline model is driven by convergence 
and accretion of new material at the deformation front.  When a new frontal thrust fault 
propagates as sand is accreted, initial wedge development begins with a small-scale 
conjugate “pop-up” fault (Figure 3.8A).  With additional convergence the small frontal 
“pop-up” structure transitions into a foreland verging thrust fault with displacement 
resulting in a fault bend fold (Figure 3.8B).  This fold is characterized by a syncline above 










Figure 3.8  Baseline model image results with key structural features. 
Each image identifies baseline model main structures that are commonly seen in wedge 
evolution: A) small-scale conjugate “pop-up” structure is characterized by conjugate 
fore- and back- thrust faults, B) fault bend fold characterized by basal flat to ramp to 













Figure 3.8 Baseline model image results with key structural features. 
Each image identifies baseline model main structures that are commonly seen in wedge 
evolution: D) a major out-of-sequence thrust fault (OSF), E) large-scale conjugate “pop-
up” structure is characterized by conjugate out-of-sequence thrust  (OSF 7) and back- 
thrust faults (BTF), and F) end of baseline model, image illustrates set of hinterland 











 This process repeats itself for each new propagating frontal thrust fault and 
increases the wedge overall height and width by new faults underthrusting older faults.  
As additional sand is accreted to the wedge, new frontal thrust faults propagate with a 
relatively shallow dip, eventually underthrusting the older parts of the wedge and 
causing the older thrust sheets to rotate counter clockwise as they are transported into 
the hinterland.  This process increases the dip angles of older thrust faults.  Note that in 
a given increment of convergence, the frontal thrust accommodates the largest part of 
shortening in the baseline model based on vorticity (Figure 3.7 – Image #828).  In Figure 
3.7, Image #828 the frontal thrust 5 has a warmer colored vorticity and the backthrust 
fault is in the opposite direction with vorticity close to zero.  There are times during 
wedge development, thrust faults inboard from the frontal thrust are reactivated to 
maintain the frontal taper of the wedge.  For example, reactivation of inboard faults in 
the baseline model initiates at 792.5 mm of total convergence as thrust fault 9 is the 
active frontal thrust and with further accretion thrust fault 8 is reactivated (Figure 3.7 - 
Image #1566).  Note that this minor out-of-sequence deformation continues during this 
part of the experiment when frontal thrust fault 10 propagates, and there is minor 
displacement on thrust fault 9.  With approximately 49% of shortening from the initial 
undeformed model length, at 979.4 mm, thrust fault 11 is the frontal thrust and a major 
out-of-sequence thrust fault 7 is reactivated along with small amounts of slip on thrust 
fault 10 (Figure 3.7 - Image #1922 .  This major out-of-sequence thrust fault remains a 
common structural feature and is important in wedge dynamics throughout the rest of 






from thrust fault 7 to 8 at 1265.9 mm of total convergence (Figure 3.7 - Image #2464).  
As the wedge grows and accretes new material, the out-of-sequence faults periodically 
becomes structurally connected to an active backthrust fault developing a regional large 
– scale “pop up” structure located in the interior of the wedge (Figure 3.8E). 
Backthrusts are common in wedge development during the baseline experiment.  
Note that in the early stages, a backthrust fault develops with a constant and relatively 
steep foreland dip (Figure 3.7 – Image #828).  The backthrust faults accommodate a 
relatively small amount of displacement in comparison to the active frontal thrust faults 
based on the vorticity and velocity gradient scales.  Slip on the backthrust fault is 
commonly active in the hinterland at the end of propagation of each frontal thrust when 
the frontal thrust reaches its maximum horizontal fault length in the lower part of the 
wedge.  It is important to note, that not every new frontal thrust fault leads to an active 
backthrust.  For example, in the evolution of thrust fault 8, 9 and 10 with total 
convergences from 659.0 – 922.0 cm (Figure 3.7 - Image #1306 – #1810) and during 
development of thrust fault 12 and 13 with total convergence from 1007.7 – 1197.4 mm 
(Figure 3.7 - Image #1976) there are no or relatively small amounts of slip on backthrust. 
In the baseline model, the final geometry at 1315.2 mm of convergence the 
wedge is characterized by 15 distinct thrust faults (Figure 3.7 - Image #2560).  Each 
thrust fault soles into the décollement with maximum horizontal thrust sheets lengths 
measured from 170 – 250 mm with an average of 208.5 mm.  The final wedge geometry 
measurements are: a width of 560 mm, a height of 100 mm, and a wedge critical taper 






horizontal lengths when the thrust fault was the active frontal thrust.  In terms of 
overall wedge geometry, note that when thrust fault 7 propagates the wedge begins to 
develop a plateau shaped (Figure 3.7 – Image #1182) in the hinterland while maintaining 
a tapered wedge geometry at the deformation front that is clearly visible in Figure 3.7, 
Image #2560.  First-order baseline model observations suggest that backthrusts and 
major out-of-sequence thrust faults are important processes in wedge mechanics in our 
analog modeling space.  Another interesting observation is the small and large-scale 
conjugate “pop up” structures that appear to have significant roles in wedge 
development.  The small – scale structures (Figure 3.8A) appear to accommodate uplift 
associated with beginning stages of fault bend folds when new frontal thrust faults 
propagate.  The large-scale conjugate “pop-up” structures (Figure 3.8E) are best 
established between major out-of-sequence and backthrust faults in the interior of the 
wedge.  These large “pop-up” structures appear to be structurally connected and 
responsible for uplift in the hinterland region of the wedge as the wedge grows and 
accretes new material.  The baseline experiment will be used as our standard 
experiment as we modify one specific modeling process such as erosion, deposition, and 







3.5.2 Role of Longitudinal Glacial Erosion  
This experiment was constructed to test the role of glacial erosion associated 
with a large longitudinal glacial ice valley, such as the Bagley Ice Valley (Figure 3.1A) and 
to evaluate the impact it may have on the structural development of a thrust belt.  This 
experiment simulates periodic glacial erosion in a valley oriented parallel to the 
orogenic belt and perpendicular to the tectonic transport direction. With progressive 
erosion of the longitudinal valley, the structural adjustment of the wedge differs in 
comparison to the baseline model. 
3.5.2.1 Model Results 
Initially, the sandbox wedge develops structurally similar to the baseline model; 
with small-scale conjugate “pop-up” structures (Figure 3.9 – Image #355) development 
on a fault bend fold (Figure 3.9 – Image #371) and transitioning into a foreland verging 
thrust fault.  Also similar to the baseline model, the erosion model develops as a system 
of imbricated thrust faults with younger faults propagating toward the foreland (Figure 
3.9 – Image #2169).  In a given increment of convergence, like the baseline model the 
frontal thrust fault (Figure 3.9 – Image #419) displacement typically accommodates 
most of the shortening, but in the erosion model reactivation and/or initiation of 
multiple coeval out-of-sequence thrust faults (Figure 3.10C) in the interior of the wedge 



















Figure 3.9  Longitudinal Glacial Erosion Model Video. 
Video is a supplementary attachment.  The glacial erosion model test the role of 
progressive sediment erosion associated with large longitudinal glacial valley and what 
impact it may have on the structural development of thrust belt.  The video illustrates 











Figure 3.10  Erosion model image results with key structural features. 
Each image identifies erosion model main structures that are commonly seen in wedge 
evolution: A) Two sets of coeval fore- and back- thrust faults; backthrust faults located 
beneath eroded valley and further back in the hinterland.  B) Migrating backthrust from 
the hinterland to beneath the eroded valley with two active forethrust faults (TF 7 & 8).  















Figure 3.10 Erosion model image results with key structural features. 
Each image identifies erosion model main structures that are commonly seen in wedge 
evolution: D) Three sets of large scale conjugate “pop-up” structure characterized by 
out-of-sequence and backthrust faults (total velocity magnitude illustrates multiply 
backthrust faults gradients), and E) end of erosion model, image illustrates set of 









1034.4 mm of total convergence (Figure 3.9 - Image #1570) when thrust fault 11 is the 
active frontal thrust fault and with farther accretion thrust faults 10, 9, and 8 are all 
reactivated (Figure 3.9 – Image #1602).  This pattern of multiple out-of-sequence thrust 
faults continues throughout the experiment as a response to wedge adjustment due to 
longitudinal erosion in the interior of the wedge and propagation of the deformation 
front into the foreland.  As new sand is accreted to the wedge, new frontal thrust faults 
propagate with a relatively shallow dips, eventually underthrusting the older wedge but 
in the erosion model the older thrust sheets in the hinterland remain relatively shallow 
compared to the baseline model.  With approximately 53% of shortening from the initial 
undeformed model length, at 1062.2 mm a major out-of-sequence thrust fault is 
activated and remains active throughout the experiment (Figure 3.9 - Image #1622).  
The major out-of-sequence faults in this experiment may accommodate the same 
amount of displacement as the active frontal thrust fault based on comparable vorticity 
positive clockwise motion (Figure 3.9 – Image #1731). 
In the early stages of the erosion model, a steeply dipping backthrust fault 
develops and is structurally similar to the baseline model (Figure 3.9 – Image #419).  The 
uniqueness of the erosion model is the backthrust fault is periodically located under the 
glacial valley (Figure 3.10B) and then migrates back into the hinterland, and then may 
migrate in the opposite direction.  These stages of backthrusting are clearly visible 
during development of thrust faults 7 and 8 (Figure 3.9).  During the development of 
thrust fault 7, for example, deformation is on a backthrust fault beneath the eroding 






hinterland.  The first major wedge adjustment is implemented during development of 
thrust fault 8 at 682.4 mm of total convergence, in Figure 3.9 at Image #903.  Note that 
as frontal thrust fault 8 propagates, there is reactivation of thrust fault 7 which in turn 
becomes structurally connected to and activates a backthrust fault behind the glacial 
valley (Figure 3.9 – Image #1031).  As wedge evolution and erosion continues there is a 
change in wedge dynamics with the backthrust periodically migrating forelandward 
beneath the glacial valley (Figure 3.9 – Image #1043).  During this stage of deformation 
there are two coeval backthrust faults structurally connected to two out-of-sequence 
thrust fault 7 and frontal thrust fault 8 (Figure 3.10A).  As the experiment continues, 
out-of-sequence thrust fault 7 and the hinterlandward backthrust become inactive 
leaving one coeval fore- and back- thrust pair, which remains active until a new frontal 
thrust fault propagates.  During the development of thrust fault 9 and 10 the active 
backthrust remains located beneath the glacial valley and the backthrust structurally 
connects to either a reactivated forethrust or the active frontal thrust.  At this point in 
the experiment more sand is accreted to the wedge and the backthrust migrates toward 
the hinterland during the development of thrust faults 12 and 13 (Figure 3.9).  At 
initiation of thrust fault 14 three sets of large-scale conjugate “pop-up” structures 
become active (Figure 3.10D).  During this interval thrust fault 14 accommodates most 
of the displacement with two new out-of-sequence, forethrust faults becoming active 
(Figure 3.9 - Image #2079).  During displacement on these two coeval out-of-sequence 
and backthrust faults, one backthrust is located in the hinterland and the other 






out-of-sequence fault is activated coeval with a third backthrust (Figure 3.9 – Image 
#2099).  During this stage, one out-of-sequence fault (Figure 3.9 – Image #2103) appears 
to accommodate most of the displacement allowing for further wedge adjustment until 
thrust fault 15 propagates forward. 
An important distinction from the baseline model, is that in the erosional model 
there can be multiple sets of coeval backthrust and out-of-sequence faults active (Figure 
3.10 A & E).  These types of structures are relatively common in the erosion model and 
they also appear to be part of a conveyer system capable of exhuming deeper parts of 
the wedge to the surface.  Another difference from the baseline model is that in the 
erosion model, the backthrust commonly migrates from directly beneath the glacial 
valley to farther back in the wedge.  As in the baseline model, active out-of-sequence 
forethrusts are structurally connected to specific coeval backthrust faults and if there 
are several out-of-sequence faults active this appears to activate several corresponding 
backthrust faults with continued erosion and wedge growth.  In the longitudinal erosion 
model the final wedge geometry with a total amount of convergence at 1314.7 mm, is 
characterized by 14 distinct thrust faults, each of which soles into the regional 
décollement (Figure 3.10E).  Maximum thrust sheets lengths are 170 – 235 mm long 
with an average length of 195.5 mm, a total wedge width of 475 mm, a height of 110 
mm and a critical taper angle of 15 degrees.  The geometry of the wedge in the 
erosional model is a tapered shape from the hinterland to the deformation front with 







In summary, during the erosion in the longitudinal valley in this experiment the 
wedge responds by activation of several coeval fore- and back- thrust faults.  Along with 
the coeval back- and fore- thrust faults, a backthrust fault is often activated either in the 
hinterland of the wedge, directly beneath the glacial valley, or in both locations.  At 
intervals in the experiment, large-scale conjugate “pop-up” structures may serve to 
accommodate vertical uplift required in the wedge in response to progressive erosion.  
In general, with the same amount of convergence the total height of the erosion model 
is 10% higher than the baseline model. 
3.5.2.2 Erosion Model Geologic Comparison to St. Elias Range 
Previous geologic studies of the St. Elias orogen have contrasting interpretations 
on the structural development and configuration of backthrusts and out-of-sequence 
thrust faults in this active orogenic belt (Berger et al., 2008; Pavlis et al., 2012; Bruhn et 
al., 2012; Bruhn et al.,2004; Elliott et al., 2013; Meigs et al., 2008).  A large part of the St. 
Elias orogen is covered by glaciers and snowfields making it difficult or impossible to 
field verify the locations and types of structures that have been proposed in various 
structural interpretations.  For this reason, sandbox analog models provide a valuable 
opportunity to evaluate the mechanical feasibility of contrasting structural 
















Figure 3.11 Modeled cross–sectional view of St. Elias Range. 
Modified Berger et al. (2008) cross-section (B’ – B – B”) illustrates inferred structural 
configuration model of St. Elias Range.  Figure summarizes key geologic structures with 
elevation and relief in this imbricated thrust belt system.  Active and inactive faults are 
shown with solid and dashed lines and a proposed Bagley fault characterized as a 
reverse fault dipping to the south and located beneath the Bagley Ice Valley.  













sections through the central St. Elias Range constructed by Berger et al. (2008) and 
Pavlis et al. (2012) (Figure 3.11 & 3.1B).  In both of these cross-sections the role of 
glaciation is interpreted to have influenced the structural configuration of the mountain 
belt.  In the Berger et al. (2008) cross-section a key structure is the Bagley fault, which is 
interpreted as a major backthrust fault located beneath the Bagley Ice Valley (Figure 
3.11).  This major backthrust interpretation was used to explain low-temperature 
thermochronology data that showed long term exhumation discordance across the 
Bagley Ice Valley from north to south.  Figure 3.11, exhumation rates north of the Bagley 
Ice Valley are relatively slow and steady in comparison to the region south of the ice 
valley, which is structurally younger and the region as a whole is exhuming at 2 – 4 
mm/yr.  The Bagley fault distinctly divides possibly two deformation domains and the 
fault structure lies hidden beneath the Bagley Ice Valley.  The Pavlis et al. (2012) 
geologic cross-section (Figure 3.1B), in contrast to the Berger et al. (2008) cross-section 
(Figure 3.11), does not interpret a major backthrust beneath the Bagley Ice Valley and 
emphasizes the role of the large vertical uplift on out-of-sequence thrust faults and 
structural duplexing.  These out-of-sequence faults and duplexing structures allows 
exhumation to occur parallel to the St. Elias Range within the interior of the wedge and 
south of Bagley Ice Valley.  In the two interpretations, the Bagley Ice Valley erosive force 
and in partnership with either backthrust or out-of-sequenced faults, there are two 
different styles of exhumation mechanisms. 
Our sandbox model experiment is designed to evaluate the role of glacial erosion 






sectional interpretations (Figure 3.11 & 3.1B).  Insights gained from the simple sandbox 
models certainly cannot be used as a one-to-one analog for the complex St. Elias Range, 
but the model provides feedback on plausible structural processes within an eroding 
wedge.  Our experiment suggest that backthrusting is an important structural process in 
maintaining a critical taper in an eroding wedge and that the Bagley fault may be acting 
as a reverse fault as illustrated by Berger et al., (2008) (Figure 3.11).  A difference 
between the erosion model and the Berger et al. (2008) interpretation is that the Bagley 
backthrust configuration in Figure 3.11 soles into an imbricated foreland thrust fault, 
whereas in our experiment the backthrust soles into the basal décollement.  The soling 
of the backthrust into the regional décollement in the sandbox model, along with the 
coeval pairing of fore- and back- thrust allows for deep levels of exhumation to occur in 
the model space.   
The location of the backthrust in the model has implications for previous 
published interpretations of the structural configuration of the St. Elias orogen.  The 
sandbox modeling requires backthrusting beneath the eroded valley and the backthrust 
fault to be structurally coupled with a forethrust for wedge exhumation to occur in front 
of the longitudinal eroded valley.  The findings from the sandbox models are also 
consistent with the interpretation of a major unexposed structure, the Bagley fault, 
which is located beneath the Bagley Ice Valley (Bruhn et al., 2012). That study interprets 
the Bagley fault as an oblique reverse fault that dips relatively steep to the south 
located beneath the longitudinal glacial valley.  In comparison with the erosion sandbox 






the eroding glacial valley.  It is interesting in the sandbox model the backthrust 
periodically is not active and during its active intervals there are relatively small 
amounts of displacement on the fault.  This migrating fault zone suggests one reason 
why the backthrust is not well-defined or currently inactive and has not been identified 
in a recent GPS study of the St. Elias Range (Elliott et al., 2013). 
The erosional sandbox experiment also provides some possible insights into the 
Pavlis et al. (2012) cross section shown in Figure 3.1B.  Cross-sectional modeling 
estimated ~ 200 km of shortening has occurred (Pavlis et al., 2012).  In order to get this 
amount of shortening this cross-sectional model emphasizes the importance of out-of-
sequences faults, such as the Miller Creek, and duplex faulting occurring beneath the 
Hope Creek fault and is the underlying structural mechanism for vertical uplift causing 
exhumation within the wedge’s interior.  Pavlis et al., (2012) also recognizes an out-of-
sequence thrust fault beneath the Bering Glacier, which is not seen in the interpreted 
cross-section due to the fact this structure lies farther to the west and is inferred to be 
an important component in the 3-dimensional structural configuration.  In comparison 
with the erosion model, erosion in a longitudinal glacial valley results in multiple, 
sometimes coeval, out-of-sequence faults.  In the experiment, initiation or reactivation 
of major out-of-sequence faults commonly occurs with ~50% shortening of the wedge 
which is seen both in the baseline and erosion models.  The Pavlis et al. (2012) cross 
section also interprets duplexing as an important process in the development of the 
thrust belt.  The homogenous sand material used in our experiment does not allow the 






a weaker strata required for duplexing to develop was not a model testing parameter, 
so our experiments cannot provide an exact analog for this process (Pavlis et al., 2012).  
The documentation of displacement on several coeval out-of-sequence faults in the 
erosional model, however, may provide a setting where duplexing may easily develop.  
Both the erosion model and the Pavlis et al. (2012) cross section have general 
agreement with the most recent GPS deformation models (Elliott et al., 2013).  This 
model identified active thrust faults toward the foreland or the front of the wedge, the 
Yakataga-Chaix Hills, Malaspina and foreland faults on Figure 3.12.  The GPS model also 
identifies an area of possible distributed deformation beneath the Bering Glacier, where 
strain accumulation along a single, discrete model faults could not explain the observed 
GPS velocities (Figure 3.12).  When compared to the erosional sandbox model, the 
proposed zone of distributed deformation beneath the Bering Glacier might be related 
to coeval activation of out-of-sequence faults located in the interior of the wedge or the 
beginning stages of a possible backthrust fault hidden beneath the Bering Glacier. 
In general, the erosion sandbox model emphasizes the importance of multiple 
out-of-sequence fault, as well as, migrating backthrust faults when an accretionary 
wedge responds to longitudinal glacial erosion in the hinterland of the wedge.  In the 
sandbox experiment, backthrust faults are common structural elements and may 
migrate between positions farther back in the hinterland and directly beneath the 
eroding valley of the wedge.  The backthrust faults, however, do not accommodate 
large amounts of displacement relative to an active frontal thrust faults, but their 






thickest part of the wedge in response to erosion.  Comparing recently published cross-








Figure 3.12  GPS block model. 
Elliott et al., 2013, GPS block modeling (map view with two cross-sectional profiles), 
model illustrates possible active fault structures in St. Elias Range using GPS data and 
modeling.  Block model predicts deformation is occurring on three forethrust faults, the 
Yakataga – Chaix Hill fault (YCHF), Malaspina fault (MF) and Foreland fault zone (FFZ) 








emphasizes the role of out-of-sequence faults whereas the Berger et al. (2008) 
interpretation emphasizes the role of a major backthrust fault.  Our findings would 
suggest that both structural features may be common in an eroding wedge and that the 
two elements maybe be structurally linked and critical to wedge evolution processes. 
In the Berger et al. (2008) structural interpretation, there also may be coupling 
between the backthrust and forethrust but as shown on Figure 3.11, exhumation would 
be limited to the upper parts of the wedge south of the Bagley Ice Valley.  This coupled 
structural relationship allows the hinterland part of the wedge to be exhumed by large-
scale conjugate “pop-up” structures as shown in Figure 3.10 D and E.  At times in the 
sandbox model, multiple coeval large-scale “pop-up” structures respond to longitudinal 
glacial erosion in the interior of the wedge.  Berger et al., (2008) also suggest from 
thermochronometry data the highest exhumation rate of 4 mm/yr in the St. Elias Range 
occurs on the south side of the Bagley Ice Valley.  Figure 3.13, another recent 
thermochronology studies also agree with mountains facing the Gulf of Alaska south of 
the Bagley Ice Valley (yellow area) has higher exhumation rates in comparison to those 












Figure 3.13  St. Elias exhumation overview. 
Enkelmann et al., 2015 presents a summary of detrital thermochronology data, colored 
dots present apatite U-Th/He and fission track ages.  The data illustrates slow and 
steady exhumation (blue area) in northern areas of the range and an increase in 
exhumation (yellow area) along the southern flanks of St. Elias Range.  Note the 
exhumation transition zone occurs along the Bagley Ice Valley.  The areas with highest 








3.5.3 Role of Incorporation of Synorogenic Strata to Front of the Thrust Belt 
The sedimentation model was designed to evaluate the role of introducing a thick 
section of synorogenic strata to the orogenic wedge.  This model was designed to 
incorporate a 3 mm increase of a uniformly thick section of sand at the front of the 
wedge.  At the start of the experiment, a small wedge was allowed to develop, and we 
then tapered and uniformly added 3 mm of additional sand.  Wedge evolution in the 
sedimentation model appears to structurally develop similar to the baseline model 
through a system of imbricated thrust faults (Figure 3.14).  The uniqueness of the 
sedimentation model in comparison to the baseline model is the timing of fault 
development or activation occurs later in wedge development. 
3.5.3.1 Model Results 
The wedge development of new thrust faults begins with small-scale “pop-up” 
structures (Figure 3.14 – Image #440) transitioning into a new frontal thrust fault with 
slip on a fault bend fold (Figure 3.14 – Image #536).  Both of these structures, common 
in all of our experiments, however, with additional sand incorporated into the 
deformation front form with broad open folds (Figure 3.15 A & B).  As seen the baseline 
model, the sedimentation develops systematically and structurally still develops 


















Figure 3.14  Synorogenic Sedimentation model video. 
Video is a supplementary attachment.  The sedimentation model test the role of 
introducing a thick section of strata to the front of the thrust belt and what impact it 
may have on the structural development of orogenic wedge.  The video illustrates key 












Figure 3.15 Sedimentation model images with key structural features. 
Each image identifies sedimentation model main structures that are commonly seen in 
wedge evolution: A) Broader small-scale conjugate “pop-up” structure.  B) Newly 
developing fault bend fold structure with broader asymmetric concentric folds at the 








the sedimentation model occurs at 892.7 mm of total convergence as thrust fault 9 is 
the active frontal thrust and with further wedge development inboard thrust fault 8 is 
reactivated (Figure 3.14 – Image #1464).  This reactivation of interior faults continues 
with development of thrust fault 10 with minor displacement on thrust fault 9 and 8.  
Reactivation of older out-of-sequence faults continues to occur with slip on frontal 
thrust.  With approximately 55% of shortening from the initial undeformed model 
length, at 1090.6 mm thrust fault 11 is the frontal thrust and an out of sequence thrust 
fault 7 is reactivated (Figure 3.14 - Image #1834).  The out-of-sequence thrust with 
wedge development eventually transitions to thrust fault 8 (Figure 3.14 – Image #2016).  
This out of sequence thrust fault 8, remains active in wedge dynamics throughout the 
rest of the experiment.  Similar to structural wedge development in the baseline model 
these out-of-sequence faults are structurally connected to the backthrust fault. 
Early in the sedimentation model development, a backthrust develops with a 
steep dip towards the foreland similar to the baseline model.  The backthrust is active at 
the end of each thrust sheet’s development; however, there are periods when the 
backthrust is inactive.  In the evolution of thrust fault 8, 9 and 10 with total 
convergences from 743.2 – 1013.6 cm (Figure 3.14 - Image #1182 – #1690) and during 
thrust sheet 12 with convergence from 1113.2 – 1212.1 mm (Figure 3.14 - Image #1878 
– #2066) there is relatively no slip on the backthrust.  The final thrust fault 13, had a 
minimal amount of displacement and never fully activated slip on the backthrust fault.  
Overall, the wedge final geometry at a total amount of convergence of 1315.2 mm is 






3.14 - Image #2260).  Maximum thrust sheets lengths measurements range from 200 – 
270 mm with an average of 220 mm.   The total wedge width is 520 mm, with a height 
of 105 mm and an ultimate critical taper angle of 18 degrees.  In its final state, the 
sedimentation model wedge geometry looks similar to the baseline experiment; the dip 
angle of younger thrust sheets are relatively shallow near the foreland and become 
increasingly steeper towards the hinterland and the wedge has a plateau shape in the 
hinterland and a critically tapered wedge at the deformation front.  The whole wedge 
geometry in comparison to baseline is 5% higher than the baseline model at the same 
amount of convergence.      
In summary, the sedimentation model evolution does not structurally deviate 
from the baseline model, and both models include similar fault structures.  Differences 
between the two models appears to be: the wedge’s geometry changes when 
incorporating additional sediment developing wider thrust sheets and the timing of 
when new frontal thrust faults propagate and faults activity appear to be delayed in the 
sedimentation model(Figure 3.16).  These thrust sheets incorporating additional sand 
material and the wedge develops wider sheets with broad and open folds which 
ultimately impacts the overall horizontal width and vertical height of the wedge (Figure 
















Figure 3.16  Photos comparison of baseline and sedimentation model geometries. 
Comparison of baseline and sedimentation model at 84 cm of total convergence.  The 
sedimentation wedge geometry changes when incorporating additional sand to the 
deformation front developing wider thrust sheets with broad and open folds.  Ultimate 
impacts are the timing of new faults are delayed and the wedge horizontal width is 
increased; as shown above, the sedimentation model thrust fault 9 has propagated and 
appears to be altering the wedge geometry. 
  
Model 3: Sedimentation 
84 cm of convergence 
Model 1: Baseline 






3.5.3.2 Synorogenic Strata Model Geologic Comparison to St. Elias Range 
Interaction between Neogene tectonics and glaciation in the St. Elias Range has 
produced a thick synorogenic package of sediment that has been and is currently being 
incorporated into the active thrust belt (Plafkar, 1987).  This thick synorogenic package, 
referred to as the Yakataga and Redwood Formations (Figure 3.1B), ranges in age from 
late Miocene to present (Plafker and Addicott, 1976; Lagoe et al., 1993).  More than 5 
km of Neogene strata are exposed in the St. Elias Mountains; ~7 km have been 
documented in offshore wells (Plafker, 1987; Zellers, 1995) and possibly up to ~15 km in 
the offshore Pamplona zone based on seismic interpretation (Figure 3.17) (Worthington 
et al., 2010). 
The goal of the sedimentation experiment was to evaluate the role of synorogenic 
deposition at the toe of the thrust belt similar to the modern day setting of the offshore 
Pamplona zone (Worthington et al., 2010).  In the onshore and near shore fjord 
environment, Hallet et al. (1996) has documented some of the highest recorded 
sedimentation rates on Earth.  Our sedimentation model structurally developed similar 
to the baseline experiment with both small and large – scale “pop-up” structures, coeval 
back- and fore- thrust faults, and out-of-sequence thrust faults.  Development of the 
small – scale conjugate “pop-up” structures in the experiment suggest, these structures 









Figure 3.17  STEEP 1 seismic section. 
Seismic section, Worthington et al. (2010) colored lines are bedding interpreted (bottom 
figure) off-shore in the Gulf of Alaska northeast of Pamplona zone near Icy Bay (Figure 
3.1A – STEEP 1).  The black lines are interpreted as faults with growth structures located 









 sheet folds are broader and open.  Growth structures indicate syndepositional 
deformation, are common in the Yakataga Formation both onshore (Figure 3.18) 
(Witmer, 2009) and offshore (Figure 3.17; Worthington et al., 2010) environment.  
Seismic profiles (Worthington et al., 2010) of the Pamplona deformation front identify 
well-developed growth structures off-shore indicating syntectonic sedimentation (Figure 
3.17).  Broader imbricated thrust sheets with asymmetric concentric folds (Figure3.18) 
are similar to documented seismic profiles and recently published cross section through 
the St. Elias Range (Worthington et al., 2010; Pavlis et al., 2012). 
A limitation in our comparison to the St. Elias thrust belt system is that the 
sedimentation experiment only incorporated additional synorogenic sediment at the 
deformation front and we did not apply additional sand on top of the developing wedge.  
This additional sediment on top of the wedge along with thick packages of accreted 
material may influence a subcritical taper angle (Worthington et al., 2010).   A subcritical 
tapered wedge will adjust by internal deformation by uplifting the interior parts of the 
wedge to a critical taper before continuing with new fault propagation at the wedge’s 
deformation front. 
In summary, results from the sedimentation experiment suggest the wedge 
structurally develops similar to the baseline model.  Deposited sediments at the 
deformation front in the sandbox analog model resulted in younger thrust sheets that 
were more widely spaced with broad concentric folds.  In Pavlis et al. (2012) structural 
cross-section illustrates that incorporation of synorogenic sediments (e.g. the Yakataga 








Figure 3.18  Photo of onshore growth structure. 
Photo of growth structure within Yakataga Formation strata in the Karr Hills, found in 
the eastern part of the St. Elias Range.  The images shows a fairly horizontal strata (blue 







3.5.4 Role of Subduction of Thick Crust Model 
This experiment was designed to evaluate the response of an orogenic wedge to 
subduction of thicker crust in the lower plate.  In the experiment, the change to the 
thicker crust is represented by changing the thickness of the thin polyester sheet to a 6 
mm plexiglass plate.  The model could only be analyzed up to 582 mm of total 
convergence due to the sandbox apparatus backstop wall (Figure 3.19 – Image #642).  
This feature does not allow the plexiglass plate to be pulled beneath the vertical 
backstop plate. 
3.5.4.1 Model Results 
The thick plate model initially starts as an imbricate thrust belt system similar to 
the baseline model with propagation of a small-scale conjugate “pop-up” structure 
verging toward the foreland with displacement on a fault bend fold.  With continued 
wedge development, thrust fault 5 propagates as the thicker plexiglass plate is first 
subducted beneath the front of the wedge (Figure 3.19 - Image #389; 361 mm of total 
convergence).  At 431.7 mm of total convergence, the basal detachment steps up from 
the polyester sheet to the top of the plexiglass plate surface (i.e., top of the thick plate, 
Figure 3.19 – Image #457).  At this stage in the experiment, the active frontal thrust fault 
5 becomes structurally connected to front of the thick plate.  As additional sediment is 




















Figure 3.19  Thick Plate Model Video 
Video is a supplementary attachment.  The thick plate model test the role of subduction 
of thick crust beneath an orogenic wedge and what response it may have on structural 









Figure 3.20 Thick crust model images with key structural features. 
Image identifies thick crust model active structures that are common during wedge 
evolution: an out-of-sequence and backthrust faults in the hinterland which is 
connected to front of thick plate (front of thick plate front is located at 20 mm on the x-
axis in vorticity plot), and at the deformation front is a small-scale conjugate “pop-up” 
structure.  The total velocity magnitude plot shows the amount of displacement 
occurring in the wedge with very small displacement in the hinterland and increased 









active at the wedge deformation front, while thrust fault 5, now identified as an out-of-
sequence fault remains active and continues to underthrust the wedge.  As the wedge 
continues to grow, this major out of sequence fault 5 remains active and is structurally 
connected to a backthrust fault (Figure 3.19 – Image #499).  As the wedge continues to 
accrete new material, new small-scale conjugate “pop-up” structures develop or old 
“pop-up” faults may get reactivated at the deformation front (Figure 3.19 – Image #515). 
In the thick plate model development, the backthrust is a forelandward dipping 
structure.  After thrust fault 5 activates the backthrust fault, the fault remains active 
throughout the rest of thick plate experiment.  While the backthrust fault remains an 
active structure the entire wedge is progressively uplifted from the front to the back as 
the thick plate continues to subducts beneath the wedge. 
The thick plate model structural fault styles are similar to the baseline model, 
but differ in how the wedge structurally adjusts to subduction of the thick plexiglass 
plate.  After the thicker plate subducts beneath the wedge, it is common to see several 
faults accommodating some amount of shortening.  A key example of simultaneously 
active faults are small-scale conjugate “pop-up” structures at the wedge’s deformation 
front, an out-of-sequence and backthrust faulting in the wedge’s interior (Figure 3.20).  
A very interesting model development is the reactivation of small-scale “pop-up” 
structures which are not seen in the baseline model, but inferred to be controlled by the 
sediment thickness above the plexiglass plate. 
In summary, structural development of the wedge in the thick plate model 






front.  At this point in the experiment, there is a notable structural change as the basal 
décollement steps up from the mylar sheet to the top of the plexiglass plate.  Another 
notable change when is the activation of coeval out-of-sequence and backthrust faults 
become active and allow the wedge to be progressively uplifted from the front to the 
back of the wedge. 
3.5.4.2 Thick Crust Model Geologic Comparison to St. Elias Range 
Recent geophysical studies have interpreted the Yakutat microplate as thick oceanic 
plateau (Ferris et al., 2003; Eberhart-Phillips et al., 2006; Gulick et al., 2007; Christeson 
et al., 2010; Worthington et al., 2012). These studies show that the subducted part of 
the Yakutat microplate is 11-22 km thick, whereas the crust of the unsubducted part is 
~30 km thick (Figure 3.21).  In this comparison we examined upper plate geologic 
records in the St. Elias orogen from previous studies to results seen in our thick plate 
model.  The thick plate model experiment is designed to evaluate the implications of 
subduction of thick crust on wedge mechanics and possibly determine a physical 
process that may have influenced the structural configuration of the St. Elias thrust belt.   
One of the potential key findings from the thick plate model is that it would 
suggest when a thicker crust is subducted, the basal décollement of the wedge should 









Figure 3.21  Map view of Yakutat Microplate 
Worthington et al. (2012) proposed Yakutat Microplate wedge-shaped model.  The 
model shows a progressively thickening crust subducting beneath the convergent 
margin.  At the front of deformation a ~ 17 km thick crust is subducting beneath the 
margin and to the east collision of ~ 20 – 30 km thick crust (orange gradient).  Crustal 
thickness was predicted using STEEP 1 and 2 seismic data (Worthington et al., 2010 and 








Figure 3.22  Generalized tectonic and geologic map. 
Witmer, 2009 Map A) Map showing regional accreted terranes in southern Alaska with a 
generalized tectonic setting.  The Yakutat Plate (YM) is the youngest of these accreted 
terrane, where the plate is subducting beneath the Northern American Plate.  B) 
Geologic map of southern Alaska, the focus here are the mapped thrust faults and which 
stratigraphic sections are found in the hanging wall and footwall.  In the youngest part 








in the structural development of the thrust belt based on published geologic studies.  In 
the St. Elias orogen, for example, the regional décollement is interpreted to step up to 
higher stratigraphic levels as the thrust belt grows from the older part of wedge toward 
the modern deformation front (Figure 3.22) (Plakfer et al., 1987; Pavlis et al., 2012, Van 
Avendonk et al., 2013).  Note that on the regional geologic map (Figure 3.22) and on the 
cross section of Pavlis et al. (2012) (Figure 3.1B) that in the older part of the thrust belt 
the regional décollement is suggested to be located in the Eocene - Oligocene Kulthieth 
Formation.  This relationship is expressed by the Kulthieth Formation being transported 
and exposed in the interior Kosakut and Hope Creek thrust sheets (Figure 3.1B).  As 
shown on the geologic map and cross section, further south in the younger thrust sheets, 
the Oligocene-Miocene Poul Creek Formation is the oldest formation in the hanging wall 
of these thrust sheets (Figure 3.22).  This relationship suggest that the regional 
décollement has stepped up stratigraphic section to the Poul Creek Formation as shown 
in the hanging wall of the Miller Creek thrust fault (Figure 3.1B).   Moving toward the 
front of the wedge, the décollement steps up section to the Miocene-Pliocene Yakataga 
Formation as shown in Figure 3.22 and 3.1B (Worthington et al., 2012; Van Avendonk et 
al., 2013).  Our thick plate model set-up was deliberately simplified and cannot be used 
as a one-to-one comparison with the complexly deformed and heterogeneous 
stratigraphy of the thrust belt of the St. Elias Range.  Our findings, however, do suggest 
that the regional décollement levels in this thrust belt may be linked to subduction of 






Thermochronology results from the St. Elias Range suggest flat-slab and upper 
plate regional exhumation shaped the orogen for the last 20 to 30 Ma (Finzel et al., 2011; 
Enkelman et al., 2012; Arkle et al., 2013).  It is inferred that the ~ 17 km thick Yakutat 
plate may be colliding with the upper plate; this area is characterized by exhumation 
rates greater than 5 km/yr (Figure 3.13) (Enkelmann et al., 2015).  Our sandbox 
modeling suggests subduction of thick crust requires the entire wedge to adjust and it 
does so by displacement on out-of-sequence thrust and backthrust faults.  Coeval slip on 
these two faults allows the entire wedge to be progressively uplifted from the front to 
the back of the wedge with progressive subduction of thick crust (Figure 3.19). 
In summary, structural development in the thick plate model allows the entire 
wedge to uplift.  While this uplift is occurring, shortening is accommodate on coeval out-
of-sequence thrust and backthrust faults in the interior of the wedge and on several 
small-scale conjugate “pop-up” structures at the deformation front (Figure 3.19).  
Results from the experiment also suggest the regional décollement should be expected 
to step-up to higher stratigraphic positions as thicker crust of the Yakatat plate is 




Our integration of analog sandbox modeling results with previously published 
geologic and geophysical studies of the St. Elias Range provides new insights into the 






comparison is certainly not intended as a one-to-one comparison between intentionally 
simplified models and the complexly deformed St. Elias orogen in southern Alaska.  
However, it is intended to help develop perspective on deformational processes within 
glaciated orogens. 
In the baseline model, the wedge develops as a system of imbricated thrust 
faults, with new frontal thrust faults developing in-sequence and verging toward the 
foreland.  New frontal thrust fault underthrust older parts of the wedge and transport 
older thrust faults into the hinterland.  First-order baseline model observations show 
systematic growth of frontal thrusts with reactivation of major out-of-sequence thrust 
faults and backthrusts in the interior of the wedge.  Coeval backthrusts and out-of-
sequence thrust faults are important processes in wedge mechanics in our model space, 
and are defined as large scale conjugate “pop-up” structures.  These large – scale “pop-
up” structures appear to be structurally connected and responsible for uplift in the 
hinterland of the wedge.  Overall, the baseline model is defined as our standard 
experiment and helps identify how model parameters such as erosion, sedimentation, 
and subduction processes independently influence the structural development of an 
orogenic wedge. 
The principal findings from the erosion model are that with progressive erosion 
of the wedge, the wedge responds by activation of several sets of coeval fore- and back- 
thrust faults, and the backthrust structures are commonly located directly beneath the 






large-scale conjugate “pop-up” structures, may serve to accommodate vertical uplift 
required in the wedge in response to progressive erosion. 
The sedimentation model does not structurally deviate from the baseline model 
and it is relatively consistent with wedge development and displacement on key fault 
structures.  Insights from the sedimentation model are that the introduction of thick 
synorogenic strata to the front of the wedge results in wider thrust sheets and broader 
open folds increasing wedge height and width geometries in comparison to the baseline 
model. 
Major findings for the structural development of the thick plate model begin 
when the thick plexiglass plate is subducted beneath the wedge.  A notable structural 
change is the basal décollement steps up to a higher stratigraphic level and the wedge 
must adjust internally by activation of coeval out-of-sequence thrust and backthrust 
faults.  This internal adjustment allows the wedge to be progressively uplifted from the 
front to the back. 
Several insights gained from the analog models may be applicable to the St. Elias 
Range. The first is that structural wedge development will be influenced by the presence 
of large longitudinal glaciers, such as the Bagley Ice Valley.  The glacial erosion model 
suggests that backthrust faults may be a direct response to glacial erosion in the interior 
of the wedge.  The erosion model deformation style can be amplified when two or three 
sets of coeval fore- and back- thrust become activate and this deformation style suggest 
the wedge becomes a conveyer system allowing deeper material to be exhumed to the 






backthrust structure, the Bagley Fault, being located beneath the Bagley Ice Valley 
(Berger et al., 2008; Bruhn et al., 2012) and higher exhumation rates of deeper crustal 
rocks south of the Bagley Ice Valley (Enkelmann et al., 2015). 
The exhumation processes in the thick plate model causes the entire wedge to 
uplift; this wedge uplift clearly verifies the importance of out-of-sequence and 
backthrust faults and their ability to accommodate shortening and uplift.  The two 
exhumation mechanisms presented in the erosion model and in the thick plate model 
illustrate how two sandbox models share common deformation structures in coeval 
fore- and back- thrust faults and may be their coexistence in the thrust belt provides 
two dominate explanations for extreme exhumation rates.  Exhumation is occurring in 
erosion and thick plate models coincides with a robust thermochronology data set 
presented by Enklemann et al. (2015) (Figure 3.13).  Currently, there are two zones of 
exhumation that maybe directly influenced by wedge deformation and subduction of 
the thick plate.  In Figure 3.13, the blue and yellow colored exhumation zones are 
directly influenced by location of the Bagley Fault and erosion due to large longitudinal 
Bagley Icefield, and the red and green colored exhumation zones may be influenced by 
collision of a thick Yakutat crust.  The exhumation seen in this collision zone is a perfect 
example of where the model simplified set – up cannot replicate the complex natural 
mountain belt system. 
The sedimentation model was designed to test the role of incorporation of a 
thick synorogenic package into the active thrust belt.   The wider thrust sheets with 






section and profiles inferred through the St. Elias orogen and Gulf of Alaska 
(Worthington et al., 2010; Pavlis et al., 2012).  A limitation in comparing our 
sedimentation model to the St. Elias thrust belt system is that the model only 
incorporated additional synorogenic sediment at the deformational front and we did 
not apply additional sand on top of the developing wedge.  Worthington et al. (2010) 
suggested the additional sediment deposited on the top of the orogenic wedge puts the 
current wedge in a subcritical state and subcritical tapered wedge adjust by deforming 
internally and uplifting the interior part of the wedge.  Based on both baseline and 
sedimentation models this internal deformation may be accomplished by activation of 
an out-of-sequence thrust that underthrusts older thrust sheets or by coeval fore- and 
back- thrust faulting uplifting the interior of the wedge. 
With our analog modeling method, we were able to independently test three 
viable hypotheses that have been inferred to exhume the highest coastal range (i.e., St. 
Elias Range) in North America.  The model space was purposely simplified and it 
excluded testing multiple parameters, such as testing erosion and sedimentation 
together in one model space.  Our modeling space was also limited by excluding 
spatially the third dimension that exists in complex long-lived orogenic wedges.  The St. 
Elias Range structural framework provides an ideal study area, of coupled glaciation 
with upper plate deformational processes along an active convergent margin.  Our study 
has provided a simplified understanding of possible feedback mechanisms in thrust belt 
development in response to glacial erosion, sedimentation, and subduction of thick 
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